Abstract Doped silicon nanoparticles were exposed to air and sintered to form nanocrystalline silicon. The composition, microstructure, and structural defects were investigated with TEM, XRD, and PDF and the lattice dynamics was evaluated with measurements of the heat capacity, of the elastic constants with resonant ultrasound spectroscopy and of the density of phonon states (DPS) with inelastic neutron scattering. The results were combined and reveal that the samples contain a large amount of silicon dioxide and exhibit properties that deviate from bulk silicon. Both in the reduced DPS and in the heat capacity a Boson peak at low energies, characteristic of amorphous SiO 2 , is observed. The thermal conductivity is strongly reduced due to nanostructuration and the incorporation of impurities.
Introduction
With increasing availability of tailored nanopowders and nanostructures, densified assemblies of engineered nanostructures are focussed upon for many possible applications, as for instance thermoelectricity. Thermoelectric devices provide cooling when an applied current pumps heat from the cold side towards the hot side through the Peltier effect, or enable waste heat recovery by converting a heat gradient to electrical power through the Seebeck effect. A good thermoelectric material should possess a large Seebeck coefficient, S, a high electrical conductivity r, and low thermal conductivity j to maximize the dimensionless figure of merit ZT = S 2 r T/j for the thermoelectric performance of a material [1] [2] [3] . Reducing the thermal conductivity is therefore a natural way to improve the performance of a thermoelectric material.
Silicon-based materials combine several desirable properties for thermoelectric applications: most are nontoxic in contrast to many other thermoelectric materials and the raw material is relatively inexpensive and available in industrial quantities. Alloys of Si-Ge have a competitive figure of merit at high temperatures [1, 2, 4] ; and silicon nanowires with a rough surface present a drastic reduction in thermal conductivity resulting in a ZT & 0.6 to 1 at room temperature [5, 6] . Furthermore, the properties and technology around silicon are well established in the semiconductor industry, making it an ideal thermoelectric model material for which reference data from single crystals can be used as comparison.
Due to its exceptionally large thermal conductivity, 156 W/m K [7] at room temperature, predominantly lattice thermal conductivity, silicon is the perfect model material to test the improvement of thermoelectric properties through nanostructuration, when the thermal conductivity is decreased due to the creation of scattering centers for phonons. This concept was already successfully applied to a number of thermoelectric materials [3, 4, 8, 9] . Nanocrystalline silicon was demonstrated to be a competitive thermoelectric material with best ZT = 0.7 at 1275 K [8] . Furthermore, the addition of impurities and/or defects was shown to result in a favorable decrease of the lattice thermal conductivity of silicon. Gibbons et al. [10] used first-principle methods to calculate the thermal conductivity of nanostructured Si which contained defects and/or impurities and concluded that there exist narrow ranges of impurity parameters (mass, bond strength, etc.) for which a reduction in the thermal conductivity was predicted. Such a decrease was previously observed [11] on bulk silicon as a function of carrier concentration. A 5 % substitution of Ge on nanostructured Si proved to efficiently scatter phonons with a wavelength shorter than 1 nm [4] , resulting in a further reduction of the thermal conductivity.
Previous study by Schierning et al. [12] demonstrated that nanoparticles of Si produced by a gas-phase synthesis and exposed to air before sintering present a certain amount of impurities in the form of amorphous SiO 2 .
Here, we report on the role of such impurities on the lattice dynamics of nanocrystalline Si produced by a bottom-up process with respect to thermoelectric applications.
Experimental
Silicon nanoparticles were synthesized by a plasma-assisted gas-phase process, using a microwave reactor [13] . By variation of microwave power, chamber pressure, and concentration of the precursor gas silane (SiH 4 ) as well as the plasma gases Ar and H 2 , almost spherically shaped particles were obtained. The conditions used were a precursor concentration of 100-200 vpm, pressures of 20-100 mbar, and microwave powers of 1200-2000 W. Two different batches of crystalline particles of pre-defined dimension (22 and 30 nm) in a narrow size distribution were obtained by controlling these parameters. N-type doping was achieved by adding phosphine (PH 3 ) to the precursor gas. The incorporation of electrically active phosphorus into the nanoparticles was demonstrated for similar batches of silicon nanoparticles by electron paramagnetic resonance (EPR) earlier [14] .
The compaction of the nanoparticles was done with a spark plasma sintering furnace from FCT Systeme GmbH. Several grams of the nanoparticles of the two different batches were pre-compacted and subsequently sintered to dense pellets with a diameter of 2 cm in a mbar Ar atmosphere. Heating and cooling rates were fixed to 100 K/min. The sintering temperature was 1050°C with a hold time of 3 min. A pressure of 35 MPa was applied during sintering. No special care was taken to prevent samples from contamination with oxygen.
Structural characterization of raw powder and sintered pellets was done by transmission electron microscopy (TEM) with a 200 keV Philips, Tecnai F20 ST microscope. Sintered pellets were cut into pieces, mechanically thinned, and subsequently polished by a precision ion polishing system with Ar-ions.
The average crystallite size of the nanoparticles and the nanocrystalline pellets was obtained by X-ray diffraction (XRD) and a subsequent Rietveld refinement based on the measured data and taking into consideration the Debye Scherrer broadening of the diffraction peaks. For the XRD, pieces of the sintered pellets were thoroughly ground to ensure good powder statistics and the powder was filled into glass capillaries. A Siemens D5000 powder diffraction machine was used in transmission geometry, equipped with a Germanium monochromator and a PSD-50 M detector (MBraun). The refinement of the structural parameters was done using the program FULLPROF [15] . Rietveld refinement was done using five parameters: zero-shift, lattice parameter, and three parameters for the peak shape (the Lorentzian profile parameters X and Y, and Gaussian profile parameter G).
As the contribution from an amorphous phase can not be determined directly from XRD, data for an analysis of the pair distribution function (PDF) were obtained with synchrotron radiation in transmission through a 1 mm sample at the high energy station 6-ID-D of the advanced photon source (APS) at Argonne National Laboratory. The X-ray wavelength was 0.142013 Å and the 2D circular image plate (IP) camera Mar345 was positioned at a distance of 218.7 mm from the sample, as determined by a NIST SRM640c Si standard. No preferential orientation was observed. The data were reduced to diffraction patterns with the program FIT2D [16] , corrected and processed to get the PDF with the PDFgetX2 program package [17] and refined over a range from 1.1 to 30 Å with the program PDFgui [18] .
Inelastic neutron scattering experiments were performed on both samples on the time-of-flight (TOF) spectrometer IN6 at the cold source of the high-flux reactor at the Institute Laue-Langevin (Grenoble, France). The incident wavelength was 5.12 Å with an energy resolution of 0.13 meV, determined by the elastic neutron scattering on a vanadium sample. Although the resolution function broadens rapidly with increasing neutron energy, good and reliable data was obtained up to 140 meV. The IN6 spectrometer supplies a typical flux of 10 6 n/cm 2 s on the sample, with a beam size of 25 9 45 mm 2 . The same measurements were additionally performed on a crushed monocrystalline silicon wafer which was also phosphorus doped, with a nominal resistivity of 0.3 X cm, for comparison with a polycrystalline sample.
Due to the presence of impurities in the samples, only an estimation of the density of phonons states (DPS) was extracted from the scattering function S(x) in the inelastic scattering approximation and corrected for multiphonon scattering using the program LAMP [19] . The DPS of the polycrystalline Si was normalized to 1 between 0 and 73 meV and the DPS of the nanocrystalline Si samples were rescaled according to the peaks at 20 and 60 meV, as additional contributions from hydrogen and oxides impede other means of normalization.
Measurements of the heat capacity were done on both sintered pellets between 0.1 and 400 K in a commercial physical property measurement system (PPMS) from Quantum Design, using the dilution option for measurements between 0.1 and 2 K.
The elastic constants were obtained through resonant ultrasound spectroscopy (RUS), a non-destructive technique which records the frequencies of the natural modes of vibration by using two piezoelectric transducers: one which excites the sample and the other which detects the resonant response of the sample [20] . The C 11 and C 44 components of the elastic tensor were calculated from the first 30 resonant frequencies and fully characterize the elasticity in such an elastically isotropic sample. An in-house equipment was used with a parallelepiped-shaped sample geometry of *2.0 9 1.5 9 1.5 mm 3 . All measurements were performed at room temperature.
Macroscopic measurements of the resistivity, Seebeck coefficient, and thermal conductivity were performed on both pellets between 2 and 300 K using the thermal transport option of the QD-PPMS.
Results and discussion

Microstructure of the nanocrystalline silicon
A typical TEM bright field image of the silicon nanocomposite is shown in Fig. 1a . Characteristic features of the microstructure are nanocrystalline grains. Planar defects as seen in Fig. 1a , marked with 1, originate from the gas phase synthesis: the silane precursor decomposes, which results in nucleation, coalescence, and growth of nanoparticles. A fingerprint of the coalescence is a large twinning of the initial nanopowder and, as a consequence, of the nanocomposite. A porosity of *2-3 % is typical for silicon nanocomposites from this process [21] . A thin native oxide shell is the consequence of handling the silicon nanopowder under ambient conditions. This native oxide shell rearranges during the densification and forms oxidic precipitates within a three-dimensional interconnecting silicon network [12] . In Fig. 1a , two pores and one oxidic precipitate are exemplary marked with 2 and 3, respectively. A high resolution image of a triple point between neighboring silicon grains shows that the siliconsilicon interfaces are free of oxygen (Fig. 1b) .
Information about the average crystallite size of the initial nanopowder batches and of the compacted nanocomposites was obtained from XRD and Rietveld refinement and it was found to be 22 and 30 nm for the nanopowder and 30 and 40 nm, respectively ( Fig. 2) , for the pellets, due to coarsening during the sintering process. For very similar samples (i.e., produced with comparable parameters of powder synthesis and sintering), a quantitative TEM analysis was done and compared with the microstructural model obtained by XRD [21] . This study PDF analysis reveals the presence of amorphous SiO 2 in both nanocrystalline samples (Fig. 3) . The first near neighbor distance of Si-Si is 2.35 Å , but an additional peak at 1.60 Å corresponds to the Si-O distance of crystalline alpha quartz. The data was modelled with a crystalline Si (Fd3m) phase and, as amorphous SiO 2 is expected to have the same short-range order as crystalline SiO 2 , a crystalline alpha quartz (P3 1 21) phase with a strongly reduced particle size, refined to &9 Å , to account only for the first peaks of quartz. Four peaks belonging to the amorphous SiO 2 are clearly visible below 3.5 Å and are indicated by arrows in Fig. 3 . Refinement of the PDF data gave a quantity of 15(1) % of SiO 2 for the nanocrystalline sample with 30 nm and 9.6(5) % for the nanocrystalline with 40 nm. The different amounts of oxide within both samples can be attributed to a higher surface-to-volume ratio of the raw powder with smaller initial particle size. Note that a 9.6(5) % content of oxide in the 40 nm sample is in excellent agreement with a TEM tomography study with three-dimensional data reconstruction in which a very comparable sample had an oxide content of 9 % [12] .
Estimation for the DPS An estimation for the DPS of the two nanocrystalline silicon samples obtained from inelastic neutron scattering, shown in Fig. 4 , deviates significantly from the DPS of the reference polycrystalline silicon sample which presents a smooth E 2 dependence at the low energy region, better observed on the reduced DPS (inset of Fig. 4 ) and has an cutoff energy of 73.4 meV. In contrast, the DPS of the nanocrystalline Si samples present a significant contribution at low energies corresponding to a pronounced peak between 2.5 and 13 meV in the reduced DPS, g(E)/E 2 , as well as additional peaks at around 30, 50, and 80 meV on the DPS (g(E)), and a broad feature at around 110 meV.
We interpret the specific features of the DPS as follows: A pronounced peak observed between 2.5 and 13 meV in the reduced DPS, see inset of Fig. 4 , is attributed to an amorphous phase, and corresponds to the Boson peak usually observed in glasses [22] . This peak originates from the amorphous SiO 2 present in the sample and is in good agreement with the Boson peak position previously observed on amorphous SiO 2 with Raman scattering (51 cm -1 = 6.3 meV) [23] and with neutron scattering measurements (between 2 and 6 meV) [24] .
The peak at around 30 meV is also associated to amorphous SiO 2 , as previously observed by Fabiani et al. [24] .
The mode with highest energy in the DPS of bulk Si is &60 meV. The measured values of the DPS at higher energies and especially a broad feature at around 110 meV strongly suggest the presence of hydrogen in the nanocrystalline sample [25, 26] . A peak at 80 meV corresponds to the rocking mode of H atoms compensating a dangling Si-bond, while a prominent peak at 110 meV belongs to a bending mode of SiH 2 in which the bond angle H-Si-H is modulated [25, 26] . The Si-H modes observed in this experiment are in good agreement with previous measurements done with inelastic neutron scattering [25] and IR absorption spectrum on sputtered hydrogenated amorphous Si [26] .
When the nanopowder is exposed to air, not only a shell of SiO 2 is formed around the nanoparticles due to silicon's strong affinity for oxygen but also a significant amount of water is adsorbed which could lead to the thermal oxidation of silicon with H 2 and SiO 2 as reaction product:
which may explain the large amount of SiO 2 within the investigated samples. Furthermore, under the sintering conditions, the surplus molecular hydrogen may dissociate into H atoms being incorporated at interstitial sites of Si [27] .
To conclude, the specific features found in the DPS of the investigated nanocrystalline silicon are due to contributions of SiO 2 impurities at lower energies, whereas contributions above 75 meV are attributed to H impurities.
As an additional analysis, the sound velocity was extracted from the DPS using the low energy limit of g(E)/E 2 [28] :
where N V is the number of atoms per unit volume (N V = q N a /M w with q being the density, N a the Avogadro number and M w the molecular weight). Due to the presence of the Boson peak on the nanocrystalline Si samples, only a higher limit of g(E)/E 2 for E ! 0, i.e., lower limit of the sound velocity, can be calculated. The results are listed in Table 2 . The value obtained for bulk Si by this method (6.73 km/s) is in good agreement with the value calculated from the elastic constants [29] (5.94 km/s).
Influence of oxide impurities on heat capacity
The heat capacity of the nanocrystalline silicon samples was measured between 0.1 and 400 K and the data is shown in the C p /T 3 versus T representation in Fig. 5 .
The Debye T 3 approximation valid at low temperatures for lattice specific heat is given by
Experimentally, the heat capacity is obtained at constant pressure (C p ). For a solid C p and C V differ by significantly less than a percent at low temperatures [33] .
For bulk crystalline Si [30] C p /T 3 reaches a constant value for T ! 0, whereas both nanocrystalline Si samples show a pronounced deviation from the Debye T 3 law. In contrast, between 5 and 15 K, a characteristic maximum substitutes the plateau observed for the bulk Si sample in the case of the two nanocrystalline samples. The maxima can be attributed to a Boson peak characteristic for amorphous materials [34] , which is more pronounced for the sample with smaller nanocrystallites. This feature can be related to the presence of amorphous SiO 2 [31] within the samples, in line with the previous statement about the larger content of SiO 2 in the sample which was produced from smaller nanoparticles.
In addition, a steep increase in C p / T 3 for T ! 0 is observed for both nanocrystalline samples, which indicates that at very low temperatures, below 2 K, an additional contribution proportional to T a , a \ 3, is present. At a carrier concentration of 10 20 cm -3 , there is no freeze-out of the carriers, and an electronic contribution is expected at low temperatures. Such contribution can be estimated with:
where c accounts for the electronic contribution and b for the lattice contribution. [35] ). Two approaches were used to model the T 3 contribution quantitatively. First, a sum of the interpolated data of the bulk Si [30] and SiO 2 [31, 32] heat capacities using the weight percentages as free fitting parameter (inset of Fig. 5 ) which resulted in a value of 11 and 19 % of SiO 2 for the samples with smaller and larger nanocrystallite sizes, respectively, differing only slightly from the value extracted from the PDF refinement (9.6 and 15 %). This deviation occurred because two contributions to the heat capacities at low temperatures were not considered in this fit: the electronic contribution due to a high concentration of dopants, and nanostructuration as previously observed for SiO 2 [36] .
A second approach was to model the data above 2 K. While the Debye model for the heat capacity can correctly describe the high temperature (C p ), a second term has to be added to describe the excess C p at *45 K caused by a flat acoustic mode in the dispersion curve, characteristic for any form of silicon [37, 38] . This term is better modelled with the Einstein model (C E ). A third term was necessary to account for the Boson peak caused by the amorphous SiO 2 contribution and can also be modelled with an Einstein term (C BP ):
where N is the number of atoms in the solid, k B is Boltzmann's constant, d, e, and b are the pre-factors for the Debye, Einstein, and Boson peak contributions, respectively, and H D ; H E ; and H BP are the Debye, Einstein, and Boson peak temperatures, respectively. More details about the Debye and Einstein models can be found in [39] .
The literature value for the bulk Debye temperature (625 K) was determined by fitting the observed C p to the Debye formula at the point where C p = 3nk B /2 [33] and is the same as the one obtained from the Debye plateau at low temperatures. A fit with an Einstein and a Debye term for the entire range of temperatures gave a Debye temperature of 745(2) K and an Einstein temperature of 202(3) K resulting in an Einstein energy of 17.4(3) meV, which is in very good agreement with the same feature observed in this energy in the reduced DPS.
Further fittings of the data from the nanocrystalline samples showed values for the Einstein, Debye and Boson peak temperatures as summarized in Table 1 . The values obtained for the Einstein temperatures were also converted to energy (1 K = 0.0862 meV). Note that the Boson peak energies are in very good agreement with the features at smallest energy in the reduced DPS, see inset of Fig. 4 .
A calculation of the sound velocity from the Debye temperature can be done using the equation [35] : Table 2 .
Elastic constants
The values obtained for the elastic constants C 11 and C 44 with RUS are shown in Table 2 and the overall RMS errors between the calculated and measured frequencies were 0.784 and 0.586 % (without excluding any resonance frequencies) for the samples with smaller and larger nanocrystallites, respectively. With those values, it was possible to extract the speed of sound using : The average speed of sound is then obtained by Table 1 Einstein temperatures and energies extracted from the heat capacity fit for the nanocrystalline Si samples and bulk reference ¼ 93:4 GPa; C 12 = 57.8 GPa for Si [29] , and the shear modulus G = 66.9 GPa calculated with the Hershey-Kröner-Eshelby averaging method. 1 The calculated sound velocities are reported in Table 2 . C 11 is 164(2) and 147(2) GPa and C 44 is 59.7(6) and 52.7(5) GPa for the samples with 40 and 30 nm nanocrystallites, respectively. Compared to the values of single crystalline silicon [29] , the C 11 is 3 % larger for the sample with 40 nm nanocrystallites and 8 % smaller for the sample with 30 nm nanocrystallites, whereas C 44 is 25 and 34 % smaller for the samples with 40 and 30 nm nanocrystallites, respectively. Furthermore, a decrease of up to 16 % of the speed of sound calculated from the elastic constants was obtained upon nanostructuration and the presence of impurities.
Shintani et al. [41] suggested a link between the Boson peak for glasses (observed in the reduced DPS and in the C p /T 3 ) and the Ioffe-Regel frequency limit for transverse phonons, above which transverse modes no longer propagate. Therefore, the presence of a significant amount of amorphous SiO 2 on the sample and a substantial decrease of C 44 when compared to single crystal bulk Si [29] further reinforce the idea that the presence of an amorphous phase disturbs mainly the propagation of transverse, shear, waves.
Low temperature transport properties
Macroscopic measurements of the Seebeck coefficient and resistivity are shown in Fig. 6a and b, respectively, whereas thermal conductivity is shown in Fig. 7 . An increase of the absolute values of the Seebeck coefficients with temperature is observed, whereas the resistivity is relatively constant with varying temperature as expected for a highly doped semiconductor, in agreement with the electronic contribution observed on the heat capacity at low temperatures.
Room temperature values of the resistivity, Seebeck coefficient, and thermal conductivity for both pellets are summarized in Table 3 , as well as the calculated values of power factor (S 2 q -1 ) and dimensionless figure of merit (ZT), and are compared with previously reported values on nanostructured bulk Si by Bux et al. [8] and with heavily doped n-type polycrystalline Si [14] .
The power factor (S 2 q -1 ) at 295 K is larger for the sample with less oxides as the absolute value of the Seebeck coefficient is twice as large, and the resistivity is two-thirds of the value for the sample with more oxides content. When compared with heavily doped n-type polycrystalline Si [14] , the sample with 40 nm nanocrystallites presents similar values of the Seebeck coefficient while the sample with 30 nm nanocrystallites presents similar values of the resistivity. The absolute value of the Seebeck coefficient of both samples were better than the values obtained for other nanostructured bulk Si prepared by a different approach [8] , although the resistivity presented worse values.
Two effects can influence the value of the Seebeck coefficient in nanostructured materials: it can be reduced due to a a thermal boundary resistance between the grains leading to a temperature drop over the interfaces, or it can be enhanced due to electron-filtering effects at the interfaces [42] . Amorphous SiO 2 present in small quantities can significantly enhance the Seebeck coefficient-either because the second interface effect is more prominent than the first or the phosphorus dopant could be incorporated preferentially within the oxide phase and is therefore partially lost for the Si.
Although the sample with more oxides (smaller nanocrystallites) presented a larger decrease in the thermal conductivity, the significantly larger power factor of the samples with less oxides (larger nanocrystallites) gives rise to an improved figure of merit at room temperature, which is comparable to the room temperature ZT previously obtained by Bux et al. [8] .
Wang et al. [43] have previously measured the thermal conductivity of nanocrystalline Si with similar preparation methods and densities as the samples presented here but with a considerably lower content of oxidic precipitates. (6) a The sound velocity of the nanocrystalline samples calculated from the DPS is only a lower limit value, as the presence of the Boson peak prevents proper evaluation of g(E)/E 2 for E ! 0)
1 Hershey-Kröner-Eshelby described by Eshelby [40] : dependence at low temperatures which cannot be explained by a traditional model with frequency-independent grain boundary scattering, so called ''gray'', and proposed a new frequency-dependent model for the thermal conductivity suggesting that the mean free path for grain boundary scattering is inversely proportional to the phonon frequency. The data presented in this study features the same T 2 dependence as plotted in Fig. 7 . Furthermore, a calculation of the phononic contribution to the thermal conductivity (j lat ) was obtained by subtracting the electronic contribution (j el ) from the total thermal conductivity, which can be obtained with the Wiedemann-Franz law:
where L ¼ 2:44 Â 10 À8 WXK À2 is the Lorenz number, T is the temperature, and q is the resistivity.
With the measured resistivity, the electronic contribution to the thermal conductivity was very low (j el = 0.3-0.5 W/K m at 295 K), and therefore the phononic contribution accounts for 98 % of the total thermal conductivity of both samples at room temperature.
The thermal conductivity at room temperature is 156 W/K m for undoped single crystal Si [7] and decreases to 64.9 W/K m in heavily doped polycrystalline Si [44] . The nanocrystalline Si samples that we produced were also highly doped with phosphorus and present an even larger decrease of the thermal conductivity (15 W/K m), corresponding to 90 % reduction when compared to single crystal Si and to 73 % when compared to the doped sample. As expected, the sample which was produced with smaller nanoparticle size has a larger decrease on the thermal conductivity, as the surface area is larger and therefore it presents more oxide impurities.
On one hand, a large decrease of the thermal conductivity was observed upon nanostructuration not only due to grain boundaries but also due to the large amount of amorphous SiO 2 . On the other hand, such impurities also had an important impact on the thermopower factor (S 2 q -1 ), resulting in a figure of merit much larger for the the sample with larger nanocrystallites (0.02) than for the sample with higher impurities concentration (0.006). Further information on the high temperature thermoelectric properties of samples prepared with the same process as in this article can be found in [21] .
Phonon mean free path (k)
The phonon mean free path at room temperature could be calculated using the values obtained for the heat capacity (C p ), sound velocity extracted with RUS (v s ), and lattice thermal conductivity (j lat ):
and it was found to be 8.3 and 5.4 nm for the samples with larger and smaller nanocrystallites, respectively. Previous calculation of the phonon mean free path of Si was done as in this article and showed a strong dependence on the temperature and impurity concentration [45] . The phonon mean free path was larger in weakly P-doped Si, decreasing with increasing temperature and reaching a value of 35 nm at room temperature, whereas in heavily As-doped Si it was temperature independent with a value around 15 nm. The values for phonon mean free path for the heavily P-doped samples containing impurities are even lower than the ones reported for weakly P-doped Si and also for the heavily As-doped Si.
Summary
Two batches of phosphorus-doped silicon nanopowder with different nanoparticles sizes were produced by a gasphase synthesis and pressed into a pellet by spark plasma sintering after being exposed to air. Structural and chemical analyses of the samples by means of TEM, XRD, and PDF analyses shows a 9.6 and 15 % concentration of impurities in the form of amorphous SiO 2 agglomerated at the grain boundaries. The presence of additional peaks on the DPS obtained with inelastic neutron scattering when compared with a Si bulk reference suggests the presence of hydrogen in interstitial lattice sites in silicon and the reduced DPS showed a Boson peak at low energies due to the presence of amorphous SiO 2 in the material, which was also observed on the heat capacity (C p ) divided by T 3 . The C p was modelled with a Debye term and two Einstein terms: one describing the excess C p at *45 K due to a flat acoustic mode in the dispersion curve which is characteristic for any form of Si and the other describing the Boson contribution. The Einstein temperatures obtained with this fit are in very good agreement with the position of the same peak in the DPS. Measurement of the elastic constants with RUS showed a larger deviation of the constant C 44 when compared to bulk Si, i.e., nanostructuration and the presence of impurities disturbs mainly the propagation of transverse (shear) waves, possibly related to the link between Boson peak in glasses and the propagation of transverse phonons previously suggested by Shintani et al. Measurements of the thermoelectric properties of the materials reveal a large decrease of the thermal conductivity which was more significant for the sample with smaller nanocrystallites (and larger amounts of impurities) but also a significant decrease on the power factor, resulting in a thermoelectric figure of merit enhanced by a factor of three compared to bulk silicon.
